[1] We present an analysis of inelastic off-fault response in fluid-saturated material during earthquake shear rupture. The analysis is conducted for 2-D plane strain deformation using an explicit dynamic finite element formulation. Along the fault, linear slip-weakening behavior is specified, and the off-fault material is described using an elastic-plastic description of the Drucker-Prager form, which characterizes the brittle behavior of rocks under compressive stress when the primary mode of inelastic deformation is frictional sliding of fissure surfaces, microcracking and granular flow. In this part (part 1), pore pressure changes were neglected in materials bordering the fault. In part 2, we more fully address the effects of fluid saturation. During the rapid stressing by a propagating rupture, the associated undrained response of the surrounding fluid-saturated material may be either strengthened or weakened against inelastic deformation. We consider poroelastoplastic materials with and without plastic dilation. During nondilatant undrained response near a propagating rupture, large increases in pore pressure on the compressional side of the fault decrease the effective normal stress and weaken the material, and decreases in pore pressure on the extensional side strengthen the material. Positive plastic dilatancy reduces pore pressure, universally strengthening the material. Dilatantly strengthened undrained deformation has a diffusive instability on a long enough timescale when the underlying drained deformation is unstable. Neglecting this instability on the short timescale of plastic straining, we show that undrained deformation is notably more resistant to shear localization than predicted by neglect of pore pressure changes.
1. Introduction
Previous Modeling
[2] Rice et al. [2005] modeled a finite slipping region propagating at steady rupture velocity in an elastic medium and used the resulting stress field about the rupture tip to predict regions which would undergo Coulomb failure. They extended the work of Poliakov et al. [2002] , in which the stress field was studied about a propagating semi-infinite rupture, to include not only the stress field about a slip pulse, but to also include the effects of undrained pore pressure generation. They found that propagation in undrained conditions, in which the timescale for fluid to leave a particular length scale is longer than the timescale of stressing a similar length scale, led to pore pressure increases in the compressional side and pore pressure decreases on the extensional side. The coseismic pore pressure rise increased the extent of the predicted regions of failure there, whereas the drop decreased it (Figure 1 ). Recent work by de Borst et al.
[2006], Rudnicki and Rice [2006] , Réthoré et al. [2007] , and Dunham and Rice [2008] on dynamic rupture propagation in a fluid saturated linear poroelastic medium with slip-weakening fault friction shows the evolution of rupture and the pore pressure increase and decrease respectively on the compressional and extensional sides of the rupture tip.
Objectives of the Present Work
[3] In part 1 of this study, Templeton and Rice [2008] considered dynamic rupture in an elastic-plastic material, which was considered to be dry, or simply to have negligible changes in pore pressure during rupture. They considered a Mohr-Coulomb type of plasticity in the form of the Drucker-Prager model and presented several key results; specifically, that the extent and distribution of the off-fault inelastic deformation is dependent on the initial loading direction of the fault, and the initial proximities of the fault and off-fault material to failure. They also noted the propensity of elastic-plastic laws in that class to exhibit shear localization, and studied features of such localization in modeling of the present type without an explicit localization-limiting procedure (other than the ad hoc limitation by finite computational grid spacing).
[4] Noting that the cracked/granulated damage zones bordering major crustal faults are expected to be porous and fluid-saturated, we extend this work to include water saturation of off-fault material. We present a linear poroelastoplastic constitutive relationship for undrained behavior (i.e., stressing on a timescale much shorter than the timescale for fluid to leave the length scale of interest), based upon the constitutive relationship for drained behavior (i.e., no change in pore pressure, readily the case for ''dry'' materials) of part 1. Subsequently, we study how undrained behavior affects the distribution and magnitude of off-fault plastic deformation, the rupture dynamics, and the localized deformation.
Background and Theory
[5] We proceed in two stages in developing our fault model to be representative of saturated porous media. We first consider linear poroelastic behavior. We then go on to consider poroelastoplastic response, including the occurrence of plastic dilatancy, and the consequent feedback on pore pressure.
Linear Poroelasticity
[6] The rate of change in fluid mass, m (mass of fluid per unit bulk volume of porous material, with that volume being measured in the reference state from which we take strain as zero) is
where K is the drained bulk modulus of the porous material (i.e., p = const) and B is Skempton's coefficient. Under well-known conditions, both B and a may be expressed in terms of the respective bulk moduli of the solid and fluid components, K s and K f , and the porosity n (pore space per unit bulk volume in the reference state)
and a is Biot's coefficient. The a coefficient appears in the stress measure controlling strain rate in the elastic regime: _ s ij + a _ pd ij [Biot, 1941; Nur and Byerlee, 1971; Rice and Cleary, 1976; Wang, 2000] .
[7] The interpretation of Skempton's coefficient is that under undrained conditions ( _ m = 0), the change in pore pressure is directly proportional to the change in total stress on an element:
Figure 1. Contour plot of ratio of maximum shear stress to maximum Coulomb strength as a function of position around tip of a propagating right-lateral slip pulse for different inclination angles of the initial most compressive stress, Y = (1/2)tan
, with the fault in a medium without and with undrained poroelastic response for (left) Skempton B = 0 and (right) B = 0.6, respectively. The seismic S ratio is 6.4 and f r /f d = 0.2. Rupture speeds are scaled with the shear wave speed C s (so that these cases are very near the Rayleigh wave speed, 0.92C s ), and distance with the scale length R* o (called R o in the text) that the slip-weakening zone would have at very low propagation speed and under a prestress corresponding to a large value of the seismic S ratio. Adapted from Rice et al. [2005] .
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For elastic-plastic response, the strain rate may be decomposed into elastic and plastic contributions:
The linear poroelastic constitutive relations give the elastic strain rate of the bulk material, D ij e , as a function of the rates of total stress on the bulk material, _ s ij , and pore pressure, _ p:
where G is the shear modulus and s ij = s ij À d ij s kk /3 is the deviatoric stress tensor.
[8] For drained behavior _ p = 0, (5) simplifies to
For undrained behavior ( _ m = 0), using (3) simplifies (5) to
where K u is the undrained bulk modulus [Rice and Cleary, 1976] :
Given the short time of stressing associated with rupture propagation, we can reasonably expect undrained deformation of the off-fault material for large enough lengths. The propagation speed of the rupture is generally of the order of the shear wave speed C s and the region about which significant deformation occurs is expected [Poliakov et al., 2002; Rice et al., 2005; Templeton and Rice, 2008] to be on the order of the slip-weakening scale length R o (see captions of Figures 1 and 3) , argued from seismic constraints to be of the order of a few tens of meters at midseismogenic zone depths [Rice et al., 2005] . Rice [2006] has shown on the basis of lab data for intact ultracataclastic gouge that such material is expected to have a hydraulic diffusivity, a hy , of order of 10 À6 m 2 /s at midseismogenic depths. The hydraulic diffusivity is a hy = k/(h f b st ) where k is the permeability (the component of greatest uncertainty), h f is the fluid viscosity, and b st is a storage coefficient. Even allowing for up to 10 6 more permeability for other, less finely grained, materials of the damage zone, would allow for diffusivities of order 10 À6 to 1 m 2 /s. To consider deformation as effectively undrained, we compare the diffusive length associated with the time R o /C s of coseismic stressing to the expected length scale of deformation
which is (1 for the estimated values of R o and a hy and the shear wave speed being of order of km/s. Therefore, we can reasonably expect undrained deformation except down to short diffusive length scales of order of a few millimeters to centimeters.
Poroelastoplasticity
[9] Using results from Rice [1977] and Rudnicki [1984b Rudnicki [ , 2000 (see also Appendices A and B), we extend the equations governing plastic increments in strain introduced in part 1 to the fluid-saturated state.
[10] The first result is that plastic dilatational strain appears only as a plastic increment in pore space and consequently, (1) may be written as
The additional result of Rice [1977] is that the appropriate effective stress measure for evaluating plastic strain increments is the Terzaghi effective stress
Consequently, using the flow rule and pressure-dependent yield criterion introduced in part 1, we find that
where t, the scalar measure of shear stress, is the second invariant of
and where h is a measure of material hardening, m is the internal friction parameter in the Drucker-Prager yield criterion (Appendix B), and b is the measure of inelastic dilatancy taken to be the ratio of D kk p to the equivalent plastic shear strain, _ g pl , defined in Appendix B. For drained behavior (i.e., _ p = 0), the plastic strain increments are readily seen to be
as used in part 1.
[11] For undrained behavior (i.e., _ m = 0), the plastic strain increment expression has been shown to be identical in form to that for drained increments, but with replacement of the drained parameters h, m, and b with new effective undrained parameters h u , m u , b u . This undrained inelastic behavior was first noted in the analysis of simple shear deformation to affect the hardening term (h u > h is characterized as ''dilatant hardening'') [Rice, 1975a; Rice and Rudnicki, 1979] . Later work [Rudnicki, 1984b [Rudnicki, , 2000 Comi, 2002, 2003 ] investigated the general constitutive response of equations (5), (10), and (12) with _ m = 0 and found that in all such (undrained) deformations with plasticity the total strain rate is
where h u , b u , and m u are effective undrained plastic material parameters, defined as
If we normalize strain by t p /2G and stress by t p in equations (15) - (18), noting that
and similarly for K u /G replacing n with n u , the undrained Poisson ratio, we find that for a given s ij o /t p , the relevant parameters describing increments in strain are: n u , h u /G, m u , and b u , or equivalently in terms of more primitive drained and poroelastic properties, n, h/G, m, b, a, and B.
[12] As part of deriving equations (15) - (18) the undrained change in pore pressure in a poroelastoplastic material with plastic dilatancy can be decomposed into a regular elastic undrained response and an additional term due to plastic dilatancy,
In addition to these undrained parameters, when considering the yield function in the undrained state (see Templeton and Rice [2008] for a full introduction)
an effective cohesion, b u , must be included to fully represent undrained behavior
where s kk o is the trace of the initial effective stress. That is, the stresses s ij , defined as the initial effective stress s ij o plus the change Ds ij in total stress associated with the rapid undrained deformation, s ij = s ij o + Ds ij , will, at the onset of plastic response, satisfy
Figure 2 shows a drained and the corresponding undrained yield function. Note the material becomes easier to yield during undrained deformation when the mean normal stress is more compressive than the initial value. Similarly, the material becomes stronger when the mean normal stress is more tensile than the initial value.
[13] The derivation of the undrained material parameters is available in Appendix B. Clearly, the transformation of parameters embodied in equations (8), (16) - (18), and (22), transforms the undrained elastic-plastic problem into one of precisely the same form as the solutions of part 1 that neglected changes of pore pressure. Any solution given in that part 1 may be reinterpreted as an undrained solution for a material of different parameters, and conversely for the solutions given in this part.
Slip-Weakening Friction
[14] We approximate the shear strength of the fault during rupture as a normal stress-dependent Coulomb friction law with a peak strength t p that degrades with slip Du to a residual strength, t r over a characteristic length scale D c ( Figure 3b ) [Ida, 1972; Palmer and Rice, 1973] :
where we take the peak and residual strengths to be the product of the fault-normal effective stress, s 0 n = s n + p f , and peak and residual friction coefficients f p and f r , respectively, where p f is the pore fluid pressure on the fault plane. A measure of the initial fault shear stress relative to the fault peak and residual strengths is the seismic S ratio:
For the elastic case, in which there are no contrasts in hydraulic diffusivities and poroelastic properties across the fault, there is no change in the on-fault pore pressure due to the antisymmetry of the change in mean-normal pressure on each side of the fault. However, for that elastic case, where there is a contrast of properties across the fault, the pore pressure change on the fault itself would depend on the respective permeabilities and storage coefficients on the compressional and extensional side of the fault [Rudnicki and Rice, 2006; Dunham and Rice, 2008] . As an example, a rupture through a fault with more permeable material on the compressional side of the fault than on the extensional side would induce a net pore pressure increase on the fault, favoring further instability and rupture. For a dynamic rupture with crack-like response, this effect can either compete against or enhance the effect of an elastic property contrast.
[15] For our first investigations as reported here, for simplicity we neglect change in pore fluid pressure on the fault. Their full inclusion, left to future study, requires an alteration from standard finite element analysis for rupture dynamics. As already clear from the elastic analyses cited, whether the fault pore pressure p f increases or decreases will be sensitive to material properties, especially permeability, on the few millimeters to centimeters scale within the damage zones on the two sides of the slip surface. As shown in part 1, plastic deformation occurs asymmetrically about and near the fault and consequently introduces a deviation from pure antisymmetry in the fault-parallel stress changes and in the amount of plastic dilatation. We would therefore expect some change in pore pressure on the fault, even for similar poroelastic properties and permeabilities across the fault; if dilatancy had the dominant effect on pore pressure change, we may expect a stabilization on the fault through an increase in the effective fault-normal stress. While changes to rupture acceleration will change the development over distance of the extent and magnitude of stress around the crack tip (being functions of rupture velocity), we focus here on the effect of saturated off-fault material on plastic deformation patterns in comparison with those patterns found in the dry counterparts, as in part 1. Therefore we neglect in this study the effects of pore pressure increases or decreases on the slip-weakening response of the fault. Such slip weakening, as conventionally assumed, may in fact be a proxy for much more significant but highly localized pore pressure changes along the fault due to thermal pressurization [Sibson, 1973; Lachenbruch, 1980; Mase and Smith, 1987; Andrews, 2002; Noda and Shimamoto, 2005; Rice, 2006; Rempel and Rice, 2006; Suzuki and Yamashita, 2006; Bizzarri and Cocco, 2006] .
[16] For a stationary crack, this fault constitutive relation results in a length scale, R 0 , over which the strength drops from peak to residual behind the crack tip (Figure 3c) , given approximately by [Palmer and Rice, 1973] (Figure 3a) . The fault plane is parallel to the intermediate principal stress direction of the tectonic prestress, s ij o . A 2-D rectangular mesh composed of linear four-noded linear reduced integration plane strain elements and containing a horizontal fault is used to model shear rupture propagation along the fault and the resulting off-fault stresses and deformation.
[18] Initial effective stress in the material surrounding the fault is s ij o , taken here for the reasons explained to be the effective prestress, s ij o,total + p o d ij , which is based on the total prestress and p o as an ambient pore pressure prevailing at midseismogenic depth. We compare ruptures in dry material to those in saturated material at the same initial effective stress. The angle of the most compressive effective stress to the fault is Y (Figure 3a) . The initial effective stress state is uniform and the out of plane principal stress is s zz o = (s xx o + s yy o )/2, meaning that s zz o = 0, so the Mohr-Coulomb and Drucker-Prager failure criteria initially coincide (see part 1). The deformation of the off-fault material in response to stress change Ds ij follows the undrained constitutive law outlined in section 2, with s ij identified as s ij o + Ds ij .
[19] All stresses in the analyses are nondimensionalized by the initial fault-normal effective stress, s yy o , and lengths are nondimensionalized by R 0 , the length of the static, low stress drop, slip-weakening zone, as given in (25). The element spacing Dx is chosen so that the static slipweakening zone is well resolved, with Dx = R 0 /20.
[20] A mode II shear rupture is nucleated on the fault by altering the initial shear stress distribution along a portion of the fault of length L 0 c in Figure 3a . The initial shear stress distribution prescribed along the nucleation zone is produced using linear slip weakening for an initial slip distribution like in the work by Kame et al. [2003] . The length of the nucleation zone, L 0 c , is slightly greater than the critical nucleation length,
at which a static crack becomes unstable for the large S limit coinciding with singular elastic crack mechanics with smallscale yielding. The initial alteration in shear stress along length L 0 c results in a stress concentration slightly larger than the peak strength at the tips of the static nucleation zone. This initiates a dynamic rupture at both ends of the nucleation zone at the start of the simulation to produce a bilateral right-lateral shear rupture. Along the predefined fault, a split node contact procedure is used to prescribe the shear strength, whose evolution follows (23). Details of the implementation of the split node procedure are given in the Appendix B of part 1.
[21] The entire mesh is surrounded by absorbing elements to minimize reflections from the boundaries. These elements introduce normal and shear tractions on the boundary of the finite element mesh that are proportional to the normal and shear components of velocity at the boundary, with damping constants chosen as the wave impedence factors to minimize reflections of dilational and shear wave energy. These elements perform best when the incident waves arrive perpendicular to the absorbing elements. Forces are applied between the boundary of the plane strain elements and the infinite elements consistent with the prescribed initial stress state.
Parameter Selection
[22] Data for intact ultracataclasite fault gouge, summarized by Rice [2006] , Table 1 , as well as corrections for increased damage by an order of magnitude increase in permeability and a doubling of drained compressibility give B values ranging from 0.6 -0.9 and a values ranging from 0.65-0.96. Rice and Cleary [1976] provide data in their Table 1 for a variety of sandstones and granites. After correcting the fluid compressibility to a more representative value for midseismogenic depth conditions, the B values range from 0.4-0.8 and values of a are between 0.24 and 0.78. In our simulations, we use n = 0.25, a = 0.45 and values of B ranging from 0.5 to 0.9. The undrained Poisson ratios corresponding to values of the Skempton coefficient B = 0.5,0.7,0.9 are, respectively, n u = 0.30,0.32,0.34. In results shown here we treat the drained response as ideally plastic, taking h/G = 0. Values for the inelastic internal friction and dilatancy coefficients m and b are given by Rudnicki and Rice [1975] on the basis of rock triaxial experiments conducted by Brace et al. [1966] . The values for m and b of Westerley granite, over a range of confining pressures, are respectively 0.4-0.9 and 0.2-0.4. Here we use an intermediate value for internal friction (m = 0.6, consistent with tan f = 0.75 in the Mohr-Coulomb criterion, using m = sin f) and when we consider inelastic dilatancy, we examine the range of values, b = 0-0.4. In section 4.1, we compare the effects of varying the Skempton coefficient and plastic dilation.
[23] We define the initial effective stress state using the angle the most compressive initial effective stress makes to the fault, Y, the fault frictional parameters, f s and f d , and the ratio S relating the initial fault shear stress to the peak and residual fault strength. Additionally, we verify that the initial stress state does not violate our Drucker-Prager yield criterion. We define a measure of closeness to failure (see part 1 for additional discussion) as
If CF >1 the initial state of stress violates the yield criterion. Note, the definition of b u is such that using the undrained 
Results and Discussion
Effect of Undrained Pore Pressure Generation on Extent of Inelastic Deformation
[24] Initially considering the off-fault material to be poroelastoplastic with no plastic dilatation, we find that changes in pore pressure significantly increase or decrease the amount of off-fault inelastic deformation. Assuming zero plastic dilatation, the only source of changing pore pressure is from the elastic part of the response. Therefore, the pore pressure response to stressing under undrained conditions is then described by values of the Skempton coefficient, B. Since the changes in pore pressure are proportional to changes in mean normal stress on the bulk material, one may expect during rupture propagation that pore pressure increases on the compressional side of the fault and pore pressure decreases on the extensional side. These increases and decreases in pressure decrease or increase, respectively, the effective normal compressive stress, and bring the material closer or further from failure.
[25] In Figure 4 , we plot the distribution of inelastic deformation (in terms of the equivalent plastic shear strain g pl defined as the time integral of _ g pl , defined in Appendix B) about one side of a bilateral rupture on a right-lateral fault. Here we consider a single, shallow angle (14°) of the initial most compressive stress, and the initial effective stress state is further characterized by a seismic S ratio value of 1.0, with fixed fault frictional parameters f s = 0.65, f d = 0.05, and off-fault material friction parameter m = 0.6. We consider the drained response (i.e., neglecting changes in p) and undrained response, for three cases in which we vary the value of the Skempton coefficient (B = 0.5, 0.7, 0.9). When pore pressure changes are neglected or absent, the inelastic deformation occurs on both the compressional and extensional side of the fault. Considering saturated off- , fixed closeness of the initial stress state to off-fault failure (CF = 0.8), and no plastic dilation. We consider a case in which pore pressure changes are neglected (Dp = 0) and undrained cases for which an increase of the Skempton coefficient (B = 0.5,0.7,0.9) illustrates the role of undrained pore pressure generation in increasing the extent of inelastic deformation.
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VIESCA ET AL.: DYNAMIC RUPTURE IN SATURATED INELASTIC MATERIAL fault material (and momentarily neglecting inelastic dilatation), we find that the extensional side is completely strengthened against inelastic deformation and the compressional side is weakened by respective coseismic pore pressure decreases and increases. The compressional side is further weakened, as expected, with increases of the Skempton coefficient.
[26] In Figure 5 , we plot the distribution of inelastic deformation for a steeper Y (56°), holding the same values of f s , f d , m, and varying over the same values of B as in Figure 4 . Unlike in the case for a shallower Y, here we find that to the extent the fault has ruptured, for a steeper Y and the absence of pore pressure changes, the inelastic deformation occurs on the extensional side of the fault. As expected, increasing values of B leads to an increasing reduction in the extent of the plastically deforming region.
[27] In Figure 6 , we consider the effect of undrained response with inelastic dilatancy and plot the equivalent pl /(t p /2G) as a function of distance from the fault, with all parameters the same as in Figure 5 , except here we consider the effects of inelastic dilatancy on the undrained response. For the case of Figure 4 in which B = 0.7 (repeated at top here), introducing plastic dilatancy serves to reduce the extent plasticity but does not have as significant effect as in Figure 6 . Figure 4 (i.e., without inelastic dilatancy). Here C S is the shear wave speed. The increasing extent of inelastic deformation from drained to undrained responses is reflected in the slight delay for the rupture tip to reach a particular distance of the fault. Here we might expect that the pore pressure reduction due to plastic dilatancy would work against the pore pressure increase on the compressional side of the fault due to the elastic response. In comparison with the case of no inelastic dilatancy, we find that there is a significant decrease in magnitude and extent of inelastic deformation left behind by the rupture front. Additionally, we see an increase of inelastic deformation occurring at acute angles ahead of the rupture front. For a large value of b, 0.4, we find that the increase in plastic deformation due to pore pressure increases is reduced by plastic dilatancy to the point of reducing the extent of deformation approximately to the original, drained (Dp = 0) calculation in Figure 4 .
[28] In Figure 7 , for the steep (56°) prestress angle, we plot the distribution of inelastic deformation holding the same values of f s , f d , m, and examine the effect of inelastic dilatancy as in Figure 6 . Here, pore pressure reductions from dilatancy act in conjunction with those reductions due to the poroelastic material response to reduce the extent and magnitude of the inelastic deformation. The further reduction from the introduction of inelastic dilatancy is slight relative to the reductions due to changes of pressure from solely poroelastic behavior.
[29] With the additional allowance for plastic dilatancy (i.e., the creation of pore space through inelastic deformation), we find that the overall effect is to reduce inelastic deformation (note that the equivalent plastic shear strain, to which the dilation is proportional, is small and of order t p /G in the off-fault region). The creation of additional pore space due to plastic dilatation under undrained conditions creates a decrease in pore pressure, irrespective of whether a point is considered on the extensional or compressional side of the fault. Thus, plastic dilatation serves as a mechanism to increase the effective stress and reduce initiated inelastic deformation. Equivalently, we may say that the material is dilatantly hardened.
Effect of Pore Pressure-Induced Changes in Inelastic Deformation on Rupture Propagation
[30] The reduction or increase in the amount of off-fault plastic work being done as the rupture passes affects the rupture propagation [Andrews, 2005] . In the cases presented in Figures 4 and 5 , where undrained pore pressure generation controlled by the material Skempton coefficient prohibits or encourages failure, the varying amount of plastic work is readily evident by the changing extent and magnitude of plastic deformation. Figure 8 plots the position of the rupture front versus time for the cases presented in Figure 4 and for the case of rupture in an elastic material not Figure 9 . Plot of normalized rupture tip position versus normalized time for undrained Y = 14°cases of Figure 6 with and without dilatancy. Here, the decreasing extent of inelastic deformation with increasing dilatancy is reflected in the slight decrease in time for the rupture tip to reach a particular distance of the fault. In addition to the cases presented in Figure 6 , we also consider a case of rupture in an undrained elastic medium. In Figure 8 we considered a similar elastic case neglecting pore pressure changes. Here we find that under undrained conditions, the rupture transitions to supershear. including changes in pore pressure. Here, the net effect of the undrained response, not considering inelastic dilation, is an increase in the extent and magnitude of inelastic deformation. Consequently, the rupture propagates slightly more slowly with increasing extent. For the cases of Figure 6 in which we evaluate inelastic dilatancy during the rupture under undrained conditions, the net effect is a reduction in the extent in deformation. Here in Figure 9 the result is a speeding up of rupture propagation that approaches the undrained poroelastic solution as the extent is decreased. Additionally, there is found a suppression (or delay) of the transition to supershear in some cases evaluated where plasticity was incorporated in part 1 [Templeton and Rice, 2008] .
Role of Undrained Conditions and Plastic Dilatancy in the Elimination of Plastic Localization
[31] Part 1 has shown strain localization to be pervasive in the off-fault inelastic deformation during dynamic rupture when neglecting fluid saturation, at least for zero or even low positive values of hardening h. When fluid saturation is considered and the material is treated as undrained (i.e., no fluid diffusion occurs), these localization features apparently disappear (we have not done the extreme mesh refinements of part 1). On the basis of the work of Rudnicki and Rice [1975] , it was shown in part 1 that the occurrence of these localization features stemming from the fault is essentially determined by the drained inelastic hardening modulus, h. Localization occurs when h falls below a critical hardening value, h cr , which is determined by m, b, and the normalized direction of the intermediate principal
where
This mode of localization (as opposed to compaction banding) is the only mode expected for low-porosity, dilating rocks, such as that considered in sections 4.1 and 4.2.
[32] We have shown that for undrained conditions, effective undrained parameters replace their drained counterparts. The consequence of this is that a critical undrained hardening may naively be calculated on the basis of (28). The result is that the critical hardening h cr , now called h cr,u , seems to be reduced drastically for most stress states (Figures 10a and 10b) :
(the ratio K/G may be written 2(1 + n)/[3(1 À 2n)] where n is the Poisson ratio under drained conditions). Here for b = 0, as B ! 1, h cr,u 0, indicating that localization would not be as pervasive (or exist at all) for undrained cases, when the drained h ! 0. Of course, this does not eliminate the possibility that the actual h may be large and negative (e.g., due to a loss of a cohesive strength component gained through cementation processes on the interseismic timescale), so that even undrained assumptions could make a negative h cr,u larger than h and the localization issue would remain.
[33] However, consideration of h cr,u must additionally be tempered by the fact that the undrained material is diffusively unstable [Rice, 1975a; Rudnicki, 1984a] when h < h cr (the drained value of equation (28)), meaning that since fluid does diffuse over some sufficiently small length scale the material will tend toward drained behavior as time for the diffusion of fluid mass passes. Therefore, there is a competition between the timescale of stressing from the rupture tip and the timescale for fluid diffusion to a potential source of localized failure. For a high hydraulic diffusivity estimate for no longer intact granite of a hy % 10 À4 m 2 /s and a low estimation of expected localized failure thickness on the order of 100 mm, the characteristic timescale for diffusion is of the order of 10 À4 s. If the region over which significant stressing occurs is on the order of R o , thought to be a few tens of meters, and the rupture propagation is on the order of the shear wave speed, the corresponding timescale for stressing is 10 À2 s. In such case this would be an issue requiring further examination, which we defer to future work. However, for an immature shear zone with a thickness of order 10 mm, the timescale for diffusion will increase with thickness and rise to the order of the stressing timescale. Therefore, for localized deformation on these larger length scales, h cr,u may begin to be the representative hardening value, not considering the effects of significant softening.
Conclusion
[34] Response of fluid-saturated materials is assumed to be effectively undrained on the short timescale of stress concentration near a passing rupture front along a fault. Poroelastic behavior and inelastic dilation then change the location and spatial extent of inelastic deformation patterns created by dynamic rupture. Undrained pressure changes due to the poroelastic response, which oppose isotropic changes in stress and are proportional to the Skempton coefficient B, strengthen the extensional side of the fault and weaken the compressional side against inelastic yielding. Inelastic dilatation, controlled by b, reduces pore pressure under undrained conditions and strengthens both sides. The undrained response can determine which side of the fault experiences inelastic deformation. For a case examined with a shallow prestress angle Y, inelastic deformation during rupture occurs on both sides of the fault when drained conditions are assumed. However, the undrained response can have the remarkable effect of completely strengthening the extensional side of the fault, leaving inelastic deformation to occur and increase in extent on the compressional side. For a steep angle Y, for which deformation occurs on the extensional side, the effect of undrained pore pressure change only serves to reduce the extent on the extensional side and are not sufficient to weaken the compressional side to the point of yielding. The changed pattern of inelastic deformation between drained and undrained cases only moderately affects the rupture propagation: for significant increases in plastic deformation (e.g., for low Y), the rupture in undrained material requires slightly more time to propagate to a comparable distance.
alter the local G. Thus such increments would not cause a change in the work conjugate forces f discussed above. Neither would they induce a further increment of plastic deformation, because they would not slip a fissure surface (if governed by normal concepts of effective stress) nor grow a crack if its growth is controlled by G.
[41] The increments ds ij and dp considered are, of course, exactly those which cause no change in the macroscopic Terzaghi effective stress,
[43] Undrained conditions introduce a new internal friction parameter, m u . Under such conditions, changes in the deviatoric portion of the stress alone will not result in changes in pore pressure; therefore, the yield point above a given initial effective isotropic stress on a plot as in Figure 2 remains unchanged from yield point under drained conditions for the same initial effective isotropic stress. However, the introduction of m u necessitates the introduction of a corresponding effective cohesion, b u :
[44] Thus, under undrained conditions the yield criterion F becomes
Additionally, because the hardening h is replaced by an undrained value h u , from equations (B2), (B7), (B9) and taking m to be constant,
[45] Since plastic dilatancy changes (reduces) pore pressure, there is some feedback from plastic dilatation on the elastic strains. This is accounted for by expressing the elastic strain rate as the sum of the regular undrained elastic response D R e ij , plus a correction to account for pore pressure changes due to plastic dilatancy D where the regular undrained elastic response is expressed in (7). For positive plastic dilatancy, the reduction in pore pressure will have the effect of reducing the elastic strain. This is accounted for in D ij Pe by
where the term inside the brackets is the term in (19) giving the increment in pore pressure due to plastic dilatancy.
[46] Consequently, we define a contribution of plastic dilatancy to strain as a sum of changes in strain due to the plastic dilatancy itself and the feedback effect this dilatancy has on elastic strains:
and we can thus define the effective plastic dilatancy as
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